ABSTRACT Mating behavior of the leaffooted bug Leptoglossus clypealis Heidemann was studied in the laboratory (27 Ϯ 1ЊC, 60 Ϯ 10% RH, photoperiod 16:8 [L:D] h). The mean premating period was 16.42 Ϯ 0.42 d (mean Ϯ SE). Males initiated courtship displays to females 8.13 Ϯ 0.12 d after emergence. Paired adults mated 17.63 Ϯ 2.02 times during their lifespan. The mean copulation duration was 3.85 Ϯ 0.49 h. Copulations occurred throughout the day, but the majority (55%) took place during the 8 h scotophase. Mating behavior began with a male attracting a female from a distance, followed by the male approaching and courting the female at close range. Observations of mating behavior and bioassays indicated that the male produces a pheromone blend with both sex attractant and aphrodisiac functions. The male abdominal stretching behavior (stretching the ninth and part of the eighth abdominal segments frequently, and stroking them with the hind legs) during calling and courtship may aid in release and dispersal of male sex pheromone from the sex-speciÞc ventral abdominal gland.
THE LEAFFOOTED BUG Leptoglossus clypealis
Heidemann is native to the central and southern United States and northern Mexico, where it is commonly found on juniper, Juniperus ashei Buchholz, and aromatic sumac, Rhus aromatica Ait. Until recently, it had rarely been reported as an agricultural pest of any consequence. However, in the 1980s, L. clypealis and several other true bug species were demonstrated to cause epicarp lesion, premature nut abortion, and kernel necrosis in California pistachio orchards, Pistacia vera L., with yield losses reported in excess of 30% (Bolkan et al. 1984; Rice et al. 1985; Michailides et al. 1987 Michailides et al. , 1988 . These losses were exacerbated by the subsequent discovery that L. clypealis and other bugs are associated with the transmission of Botryosphaeria panicle and shoot blight and stigmatomycosis diseases in pistachios , devastating diseases of pistachio and other nut crops. In combination, true bugs and the plant diseases that they transmit have emerged as a serious threat to the pistachio industry in California.
The life cycle of L. clypealis has been summarized by Rice et al. (1989) . Bugs overwinter as adults in leaf litter or sheltered sites. Adults become reproductively active around the end of April, laying strings of eggs on foliage and nut clusters. There are Þve nymphal instars (Levin 1980) , and egg to adult development takes approx. 30 Ð 40 d (Levin 1980 , Rice et al. 1989 ).
Adults are long-lived (4 wk or more in summer, several months in winter). There may be as few as two (Levin 1980) and as many as three to four generations per year (Rice et al. 1989) . Although aspects of mating behavior and male-produced attractants have been studied in several Leptoglossus species (e.g., Amaral and Storti 1976 , Levin 1980 , Blatt and Borden 1996 , Yasuda 1998 , there has been little work done with L. clypealis, in part because of their relatively recent elevation to pest status.
As part of a long-term project investigating pheromone use in true bugs, we initiated a study of the mating behavior of L. clypealis, with the goal of determining whether these insects use sex attractant or aggregation pheromones that might be amenable to exploitation for population monitoring or direct control. Our speciÞc objectives were to determine basic parameters associated with reproduction, such as sexual maturation periods, number and duration of copulations, and the circadian rhythm of mating; to conduct detailed observations to elucidate mating and courtship behavioral sequences; and to use bioassays with live insects to reveal potential evidence of volatile sex or aggregation pheromones.
Materials and Methods

Insects.
A laboratory colony of L. clypealis was started at the Department of Entomology, University of California (Riverside) from 20 adult females, 33 males, and 27 nymphs collected from pistachio orchards near Davis, CA, in August 1994. Insects were reared at 27 Ϯ 1ЊC, 60 Ϯ 10% RH, and a photoperiod of 16:8 (L:D) h, with lighting provided by ßuorescent and biolux lights. Experiments were also carried out under these conditions.
The colony was maintained in a wooden sleeve cage (76 by 43 by 43 cm) Þtted with a glass top, and bugs were fed thoroughly washed green beans and organically grown sunßower seeds. Pistachio twigs and paper towels were provided as oviposition substrates. Eggs were collected every other day, and kept in plastic petri dishes (10 by 1.5 cm), Ϸ50 eggs per dish. Green beans and sunßower seeds were provided as soon as eggs hatched. When nymphs reached the second instar, they were transferred to cylindrical paper ice cream cartons (15 by 12.5 cm) with window screen lids, each of which accommodated Ϸ50 nymphs. After the Þnal molt, the adults were separated by sex for use in experiments or added back to the breeding colony. All insects used for experiments were obtained from offspring of the initial colony.
Sexual Maturation Periods and Mating Behavior. Twenty-four pairs of freshly emerged males and females were placed in individual transparent plastic containers (18 by 7.5 cm diameter; Fisher, Pittsburgh, PA) with four side and two top, 2.5-cm-diameter mesh windows. A fresh green bean and several sunßower seeds were provided for each pair. Observations were made hourly between 8 h after lights on and 4 h after lights off. The male and female were kept together during this 12-h period until one of the pair died. For the remaining 12 h each day, they were separated and reared individually in 150-ml plastic containers Þtted with window screen lids. The periods between emergence and Þrst mating (the sexual maturation or premating periods) were determined, and the mean duration of mating was recorded from 32 randomly selected matings. The number of copulations occurring for each pair during their lifespan was also recorded.
To determine diurnal mating rhythms, 50 males and females (20 to 30 d old) were set up in pairs in the plastic containers (18 by 7.5 cm) described above. Filter paper, several sunßower seeds and a green bean were provided for each container. The number of mating pairs were observed hourly during seven 24-h observation periods, with observation periods on every third d. Insects that died were replaced with fresh 20 Ð30 d old adults of the appropriate sex.
Observations of mating behaviors for constructing an ethogram were made in a wooden sleeve cage (76 by 43 by 43 cm) Þtted with a glass top, during hours 0 Ð5 and 13Ð16 of the photophase, when most mating activities occurred. Several beans and a petri dish (5 cm diameter by 0.8 cm high) of sunßower seeds were provided for food. A total of 26 females and 31 males (20 to 30 d old) was collected from the breeding colony and were held individually in plastic containers (18 by 7.5 cm) for 2 d before the experiment. Because no obvious differences in mating behaviors were observed between virgin and experienced insects, virgin and experienced insects were pooled in three treatments (5 males ϩ 2 females, 5 females ϩ 2 males, and 5 females ϩ 5 males). Each of two replicates per treatment was observed for 20 h during an 8-d period. Because mating behavior included characteristic movements of the maleÕs eighth and ninth abdominal segments, these structures were dissected and examined under a stereo microscope, locating the pinkish bilobed ventral abdominal gland previously described by Aldrich et al. (1979) .
Bioassay for Sex Pheromone. Bioassays were conducted under ßuorescent lighting (Ϸ280 lux) in a wooden cage (76 by 43 by 43 cm) Þtted with a glass top. Two virgin, sexually mature insects plus a green bean in a cylindrical metal mesh chamber (5 by 7 cm) were used as the treatment, and a bean in an identical metal chamber served as the control. The treatment and control chambers were placed in the left and right back corners of the cage, Ϸ72 cm apart, with positions exchanged for each replicate. For each replicate, Þve sexually mature insects released in the middle of the cage were observed for 30 min. A positive response was deÞned as an insect reaching and staying in contact with a treatment or control chamber for 10 s. Two treatments (2 males ϩ green bean and 2 females ϩ green bean) were each tested against 40 replicates of Þve males and 40 replicates of Þve females. Between replicates, the air in the cage was exchanged by pulling air at Ϸ40 liter/min through with a vacuum pump for 2 min. The entire set of bioassays was run over a period of 10 wk, with replicates of treatments run in random order in groups of 4 Ð10 replicates per day, depending on the availablity of insects. Responses (percent) to treatments and controls were arcsine transformed (Williams 1993) , and the paired means were compared with t-tests.
Results
Sexual Maturation and Mating Behavior. Adult male and female L. clypealis lived 61.4 Ϯ 6.6 d and 83.0 Ϯ 6.8 d (mean Ϯ SE; n ϭ 22), respectively, under laboratory conditions. Insects required an extended sexual maturation period. Premating maturation periods after the Þnal molt to the adult for the paired insects were 16.42 Ϯ 0.42 d (n ϭ 22). However, males started to perform courtship displays 8.13 Ϯ 0.12 d after emergence (n ϭ 22). Paired adults mated 17.63 Ϯ 2.02 times (n ϭ 16) during their lifespan, with a mean duration in copulo of 3.85 Ϯ 0.49 h (n ϭ 32). The majority (55%) of copulations were initiated during the 8 h scotophase, while only 15.4% were initiated between Þve and 13 h into the photophase (Fig. 1) .
Because there were no apparent differences in courtship and mating behaviors in male biased, female biased, or equal sex ratio treatments, the data were pooled to prepare an ethogram (Fig. 2) . When a male was not sexually mature or was feeding or resting, the eighth and part of the ninth abdominal segments were concealed in the seventh abdominal segment. In contrast, sexually mature males frequently extended the eighth and ninth abdominal segments, and stroked them with the hind legs (termed here as male abdominal stretching behavior) (n ϭ 476). This occurred regardless of the presence of a female. Further inves-tigation revealed that males possessed a male-speciÞc pinkish bilobed ectodermal abdominal gland, opening midventrally in the seventh-eighth intersegmental membrane (previously described by Aldrich et al. 1979) . At long range (Ͼ30 cm), the male abdominal stretching behavior usually resulted in a female raising her antennae and approaching the male (Fig. 2) . When the distance between them was Ͻ10 cm, the male turned to approach and antennate the female. Upon contact, most females remained still but others walked or ran away. Four males copulated immediately with stationary females, but in most cases the male conducted a complicated and lengthy courtship display before being allowed to mate. Most males followed the female if she moved away and continued courtship. Six retreated without a follow-up courtship display.
Of 76 courtship displays, 38.2% resulted in successful mating (Fig. 2) . Male abdominal stretching behavior always occurred during courtship. After brief antennation or immediately after contact, the male quickly mounted the female, followed by further antennation and the male moving his body 90Њ to either side of the female and juxtaposing the dorsal side of his extended ninth abdominal segment with the genital opening of the female. During these activities, both sexes faced the same direction and their body axes were parallel. If the female was receptive, she remained still, antennated with the mounting male and opened her genital chamber. Once the male coupled his genitalia with hers, he moved 180Њ so that the male and female in copulo faced in opposite directions. During copulation, the female frequently fed. The female began kicking the maleÕs abdomen with her hind legs 32.5 Ϯ 1.7 s before mating ended (n ϭ 13).
If unreceptive, the female kept her genital chamber opening closed and behaved in one or all of the following ways after being mounted by the male: kicking him with her hind legs, swaying her body laterally, or running quickly. The male then responded in one of several ways. In most cases, the male gently touched or antennated her head and antennae with his front legs and antennae. This usually resulted in the female becoming quiescent so that the male could perform another mating attempt. In eight cases, the male turned 180Њ on the femaleÕs back and touched her antennae with his stretched eighth and ninth abdominal segments, immediately after which the female raised her antennae and opened her genital chamber. The male then quickly turned 180Њ to couple his genitalia with hers. If the female was still unreceptive after repeated courtship attempts, the male retreated.
Evidence for Sex Pheromone. Bioassays in cages (Fig. 3) showed that sexually mature virgin females were signiÞcantly more attracted to live males than to the green bean controls (t ϭ 4.46, df ϭ 66, P Ͻ 0.001), whereas there was no indication of attraction of females to females (t ϭ 0.307, df ϭ 75, P ϭ 0.76), males to females (t ϭ Ϫ0.25, df ϭ 77, P ϭ 0.80), or males to males (t ϭ 1.62, df ϭ 75, P ϭ 0.11).
Discussion
The mean premating period for L. clypealis was half as long as reported for L. zonatus (Dallas) (Matrangolo and Waquil 1994), but slightly longer than that for L. gonagra (F.) (Amaral and Storti 1976) . Multiple matings by both sexes, as seen with L. clypealis, also occurred in L. phyllopus (Levin 1980) and L. gonagra (Amaral and Storti 1976) . Copulation by L. Lights were on from 0000 to 1600 hours, and off (arrow) from 1600 to 2400 hours.
clypealis primarily during the latter part of the photophase and into the scotophase is similar to the pattern observed with L. phyllopus, which mated mainly in the evening (Levin 1980) . Mating behavior sequences of L. clypealis also were similar to those of the alydid bug Riptortus clavatus (Numata et al. 1986) .
In addition to a sex pheromone (Fig. 3) , two other types of attractant pheromones have been reported in the Coreidae. Adult male L. occidentalis produce an aggregation pheromone in the fall, presumably to initiate and maintain overwintering aggregations (Blatt and Borden 1996) . Because this pheromone is produced when the bugs are not reproductively active, it is unlikely to have a secondary function as a sexual attractant. Second, adults of both sexes of L. australis were attracted to caged males placed inside or outside of cucurbit Þelds (Yasuda 1998) . This pheromone may mediate the rapid, synchronous invasion of a host crop by this species, and may also play a role in mate-Þnding because mating occasionally was observed between adults attracted to the caged males (Yasuda 1998) .
There have been several other indications that Leptoglossus spp. may use sex pheromones. For example, satellite male L. phyllopus attempted to copulate with either sex of pairs in copulo, suggesting the possibility of a volatile aphrodisiac, possibly produced in the ventral abdominal gland between the seventh and eighth sternites (Aldrich et al. 1976 ). Development of the gland in L. phyllopus was strongly correlated with sexual maturity. Furthermore, the ventral abdominal glands of six Leptoglossus spp. contained species-speciÞc blends of small aromatic molecules, although several of the components (benzyl alcohol in particular) were shared by several species (Aldrich et al. 1979) . The ventral abdominal gland contents were different from the defensive compounds in the metathoracic glands of both sexes (typically short chain aldehydes and esters; Aldrich et al. 1979) . However, in laboratory bioassays, neither male nor female L. phyllopus were attracted to ventral abdominal gland extracts, although males exhibited increased activity and some degree of sexual stimulation, manifested as occasional homosexual mating attempts (Aldrich et al. 1976 ). In addition, males from which the ventral abdominal glands had been surgically removed successfully mated in laboratory bioassay chambers (Aldrich et al. 1976) , and blends mimicking the ventral abdominal gland contents also did not attract bugs in Þeld tests (Aldrich 1988) .
Our bioassays and behavioral observations with L. clypealis provide more concrete evidence of a maleproduced sex pheromone, and a sexual function for the ventral abdominal gland contents, previously determined to be benzyl alcohol and guaicol (Aldrich et al. 1979) . Although caged sexually mature males attracted females, the data do not prove conclusively that the attraction was because of volatile chemical stimuli. However, sexually mature males stretched the terminal abdominal segments while stroking them with the hind legs, possibly to disperse ventral abdominal gland exudate over the enlarged and ßattened tibiae and the body surface for faster evaporation. In turn, females responded by raising the antennae and moving toward the male. Moreover, unwilling females became receptive to copulation when males contacted femalesÕ antennae with their terminal abdominal segments, strongly suggesting an aphrodisiac as well as an attractant function for the ventral abdominal gland exudate. The effective range of the male pheromone blend and the components required to elicit attraction and sexual stimulation of females remain to be determined. Fig. 3 . Results of two-choice bioassays testing the attraction of insects to caged insects and green beans, versus attraction to control cages containing green beans only. M, males; F, females. NS, not signiÞcant; *** , P Ͻ 0.001, using t-tests.
